Hotspot lavas erupted at ocean islands exhibit tremendous isotopic variability, indicating that there are numerous mantle components 1, 2 hosted in upwelling mantle plumes that generate volcanism at hotspots like Hawaii and Samoa 3 . However, it is not known how the surface expression of the various geochemical components observed in hotspot volcanoes relates to their spatial distribution within the plume [4] [5] [6] [7] [8] [9] [10] . Here we present a relationship between He and Pb isotopes in Samoan lavas that places severe constraints on the distribution of geochemical species within the plume. The Pb-isotopic compositions of the Samoan lavas reveal several distinct geochemical groups, each corresponding to a different geographic lineament of volcanoes. Each group has a signature associated with one of four mantle endmembers with low 3 He/ 4 He: EMII (enriched mantle 2), EMI (enriched mantle 1), HIMU (high m 5 238 U/ 204 Pb) and DM (depleted mantle). Critically, these four geochemical groups trend towards a common region of Pb-isotopic space with high 3 He/ 4 He. This observation is consistent with several low- 3 He/ 4 He components in the plume mixing with a common high- 3 He/ 4 He component, but not mixing much with each other. The mixing relationships inferred from the new He and Pb isotopic data provide the clearest picture yet of the geochemical geometry of a mantle plume, and are best explained by a high- 3 He/ 4 He plume matrix that hosts, and mixes with, several distinct low- 3 He/ 4 He components.
Lavas erupted at oceanic hotspots-thought to sample melts from buoyantly upwelling mantle plumes 3 -are isotopically heterogeneous and provide definitive evidence that the Earth's mantle is compositionally diverse and hosts several distinct geochemical groups 1, 2 . Radiogenic isotopic studies of ocean island basalts erupted at hotspots identify a multitude of mantle compositions that are often broadly grouped into four endmembers with different isotopic taxonomies: EMII, EMI, HIMU and DM. A fifth component, characterized by high 3 He/ 4 He ratios, is also identified in ocean island basalts 11 , and has been variously called undegassed mantle 12 , FOZO (focus zone 13 ), PHEM (primitive helium mantle 14 ), or C (common 15 ). Unfortunately, the spatial distribution of these mantle components within upwelling mantle plumes is difficult to infer using geochemical studies of surficially erupted basalts.
Recent efforts to examine the spatial distribution of mantle plume geochemical heterogeneities have focused on the geographic distribution of isotopic compositions along the surface volcanic traces of hotspot tracks. These studies have yielded significant progress relating the distribution of isotopic compositions in surface lavas to the spatial distribution of isotopic components within an upwelling mantle plume. A well known geographic separation of isotopic compositions occurs at the Hawaiian hotspot, where two parallel volcanic lineaments-Loa and Kea-exhibit compositions that can be isotopically resolved [4] [5] [6] 16 . The isotopic and geographic separation of the Loa and Kea volcanic lineaments is suggested to reflect the spatial separation of the mantle components within the plume that give rise to the two isotopically distinct volcanic lineaments, which is possibly related to the compositional structure of the deepest mantle 5, 6 . Similar observations of geographical and geochemical separations of parallel volcanic lineaments have been made at other hotspots [6] [7] [8] [9] [10] 17 . These observations suggest that the geochemical structure of many mantle plumes vary spatially in a systematic manner.
This paper focuses on the geochemical variability along the parallel volcanic lineaments of the age-progressive 18 Samoan hotspot and the geochemical structure of the underlying upwelling mantle plume. We present 36 new Pb-isotopic analyses together with new Sr, Nd and He isotopic measurements (Supplementary Tables 1-3 ) on a suite of lavas from the Samoan hotspot ( Pb isotopic space, four isotopic groups emerge from the data set ( Fig. 2) , and the four groups converge on a common region, roughly forming an X shape. Three of the four isotopic groups are defined by shield-stage lavas from each of three volcanic lineaments that tend to form separate groups in isotopic space: the islands and seamounts of the Vai volcanic lineament (dark blue shading and symbols); the Malu volcanic lineament (pink); and subaerial lavas from the Upo volcanic lineament (yellow) (Fig. 1) . Rejuvenated-stage lavas are encountered only on the islands of Savai'i, Upolu and Tutuila (which define the Upo volcanic lineament), are younger than the shield-stage lavas on each island, and form a fourth isotopic group (turquoise).
There are exceptions to this correspondence between geochemistry and geography (Methods). For example, the submarine lavas from the western region of the hotspot (dredged near Savai'i and Upolu islands) overlap with the isotopic compositions found in the Vai and Malu-volcanic lineaments further to the east and include ultra-enriched lavas 18, 19 unlike those found in any of the younger and more easterly volcanism (Fig. 2) ; this enriched material includes an additional isotopic component in the Samoan plume. However, there are insufficient submarine samples from the western Samoan region to define their isotopic taxonomy or geographic extent, or whether the western Samoan submarine samples define separate geographic trends, and we exclude these submarine lavas from our treatment below (see Methods); this approach is similar to that taken in Hawaii, where the geochemical separation of the Loa and Kea volcanic lineaments breaks down in the western region of the Hawaiian chain, and it is common to exclude some or all of the western islands when defining the Loa and Kea lineaments 4 . In this paper we examine Samoan rejuvenated lavas, Vai-and Malu-lineament lavas, and the subaerial shield lavas from the Upo-lineament, which form four geochemical groups. However, submarine western Samoan lavas are shown in the figures for clarity.
The four geochemical groups identified in Samoan rejuvenated lavas, Vai-and Malu-lineament lavas, and the subaerial shield lavas from the Upo lineament are clearly resolved as separate clusters in multiple isotopic spaces ( Fig. 2; Methods) . Lavas from the four groups exhibit geochemical characteristics that are associated with the four canonical mantle endmembers, as follows. The Malu group has EM2 characteristics, the Vai group has HIMU characteristics (though the signature is dilute), the Upo group has geochemically depleted characteristics (not unlike Hawaiian Mauna Kea lavas; Fig. 2 ), and rejuvenated lavas have EM1 characteristics (see Methods).
These four endmember groups appear to converge in a region of isotopic space characterized by lavas with the highest He lavas (20-33.8 Ra, ratio to atmosphere) 14, 17, 20 in Fig. 2 serves as a common component region for the four Samoan geochemical groups (see Methods). In two-and threedimensional Pb-isotopic space, the four Pb-isotopic data groups overlap with the common component region at the 99% confidence level ( Fig. 2 and refer to Methods). Additionally, in Pb-isotopic space, 3 He/ 4 He ratios decrease monotonically away from the common region towards the extremes of the four data groups located furthest from the common region. We quantify this relationship by calculating the distance from the common component in three-dimensional Pb- (Fig. 3 ) and by the convergence of the four 99% confidence intervals that enclose all possible mixing trends for each group (Fig. 2) Table 4 for a compilation of the Samoan data shown.
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some of the scatter in the isotopic groups; several Vai-lineament lavas have the isotopic composition expected for lavas from the Malu lineament, and vice versa, but overall such 'cross-fertilization' among the low- 3 He/ 4 He components is limited (Methods). We propose a conceptual model for the geochemical geometry of the Samoan plume that is consistent with the mixing relationships suggested by the observed isotopic topology. In the model, several low- He components must be sufficiently isolated from each other within the plume that they do not easily mix, either as solids or as liquids. To achieve the geographic separation of the Vai and Malu lineaments, we suggest that bilateral heterogeneity, like that proposed for the Hawaiian plume 4 , must also exist in the Samoan plume: the component responsible for the Vai lineament must be located on the northern side of the plume and the component generating the Malu lineament must be located on the southern side (Fig. 4) . The components are separated by sufficient distance within the Samoan plume that they do not mix efficiently. The Upo-lineament component was located higher in the Samoan plume than the Vai and Malu components, because most Upo-lineament lavas were erupted before onset of Vai-and Malu-lineament volcanism (Fig. 4) . Components that have geochemical fingerprints similar to those identified in Malu and Vai volcanic lineaments are also identified in the submarine portion of the western Samoan islands of Savai'i and Upolu 18, 19 , suggesting that the EM2 and HIMU geochemical components show up periodically in the plume and are not strictly limited to the Malu and Vai volcanic lineaments. Finally, rejuvenated lavas may sample a component located in the Samoan plume that is underplated on the mantle lithosphere beneath Samoa 17 , or a component hosted in the mantle lithosphere beneath the Samoan hotspot 21 , and is therefore not shown in Fig. 4 . However, if the rejuvenated component is hosted in the mantle lithosphere, an important question is how it survives the high melt flux during shieldstage volcanism.
Preservation of four low-
He components in the upwelling Samoan plume, as indicated by the unique isotopic topology identified in Samoan lavas, presents an important problem. Dynamic modelling suggests that components embedded in a plume matrix will be 'stretched out' during plume ascent 22 , so that the components ultimately resemble spaghetti with their long axes oriented in a direction parallel to plume motion 4, 23 : the stretching has been shown to preserve the initial separation of components within a plume, so that their spatial relationships in the plume are preserved during upwelling from the deep mantle 22 . In this way, the different components are not mixed chaotically in the ascending plume conduit, and it is possible for various components to remain isolated from each other within the plume matrix. Alternative plume structures have been discussed for the Hawaiian plume in which the high- He components are on the periphery of the plume 24 , but such a geometry would allow the low- 3 He/ 4 He components to mix, which is difficult to reconcile with the isotopic topology of Samoan lavas.
In multi-isotopic space, different hotspots trend to a common region, called FOZO 13 He. Curiously, the isotopic topology of Samoan lavas represents a microcosm of the global ocean-island-basalt data set, in which the various geochemical groups in multi-isotopic space converge on a common region characterized by high He components in the deep mantle 13 , perhaps in the Pacific large low shear-wave velocity province (LLSVP) that underlies Samoa, which is suggested to have high 3 He/ 4 He values 25, 26 . He plume matrix occurred in the plume source, dynamic models suggest that it must be a non-turbulent process that prevents the low- 3 He/ 4 He components from mixing with each other 22 .
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Received 1 February; accepted 15 August 2014. Pb ratios 29, 36 . Basaltic sample runs were normalized to the average NIST 981 value measured in a given analytical session using NIST 981 values reported by ref. 35 .
Supplementary Table 2 Supplementary Table 3 includes new helium isotopic measurements, which were measured at WHOI and at the Scripps Institution of Oceanography. Measurements made at WHOI follow the methods outlined in ref. 37 . All data were obtained by crushing olivines or glasses in vacuum, except for one sample, which is a measurement of gas released by fusion following a crushing experiment. In-run precision is reported in the Supplementary 20 , which plots near the region of convergence of the four isotopic groups.
The expression for distance (D 206=207=208 Pb ) in Pb-isotopic space is based on the Pythagorean theorem, where the differences between each Pb-isotopic ratio and the common component are squared, these squared differences are then summed, and the square root of the sum is taken. The expression for distance in Pb-isotopic space (that is, D 206=207=208 Pb ) also accounts for the fact that different Pb-isotopic ratios exhibit dramatically different variability. To do this, the difference in the Pb-isotopic ratio between two data points is divided by the total range measured in Samoan lavas. For example, the total range in 206 Pb (which has limited variability in Samoa and in the ocean-island-basalt mantle in general) would contribute very little to the overall distance calculated.
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We emphasize that the different isotopic groups converge on a common region rather than a point in Pb-isotopic space. No single sample in the existing Samoan data set, including Ofu-04-06, is ideally suited as a point of convergence for all the geochemical groups in Samoa. However, given the limited available data set on high- He . 20 Ra (see Fig. 2 and Extended Data Figs 2 and 3) . This results in an ellipsoid centred on the mean value and with major axes defined by the 2s variations in the heavy radiogenic isotopic compositions. Subsequently, we test whether the four data groups indeed converge on this ellipsoidal common component region, taking advantage of the linearity of mixing relationships in Pbisotopic space. To model the possible orientations of mixing lines for each group, we use best-fit trends through each group and their related confidence intervals. We computed Working-Hotelling confidence intervals at the 99% confidence level to be as inclusive as possible in visualizing possible mixing lines for each group (we tested 95% confidence as well, and the conclusions are the same). In three-dimensional Pb-isotopic space, the 99% confidence intervals (they appear as 'tubes' in threedimensional isotopic space; Fig. 2 and Extended Data Figs 2 and 3) around each of the best-fit trend lines overlap with the ellipsoid that encompasses the common component region that is defined by the highest- 3 He/ 4 He lavas. This observation shows that, for each data group, there exists a family of mixing lines (within error of the best-fit line) that statistically overlaps with our common component region. This isotopic overlap also maps to two-dimensional Pb-isotopic spaces (see Fig. 2 and Extended Data Fig. 3 ), although the three-dimensional case shows that only a subset of possibilities in individual two-dimensional plots is actually possible. In summary, all four of the best-fit trend lines through the four different isotopic groups statistically overlap with the common component region in Pb-isotopic space.
However, we note that submarine lavas from western Samoan (that is, lavas dredged off the coast of Sava'i and Upolu) are excluded from this statistical test. Available data from these lavas do suggest that they follow the relationship between 3 He/ 4 He and distance from the common component region in Pb-isotopic space (Fig. 2) , which is consistent with mixing with the common component region. However, the limited sampling of the submarine portion of the western Samoan region makes it difficult to assign the few available samples to geographic groups: For example, only Savai'i (four dredges: ALIA114, ALIA115, ALIA116 and ALIA128) and the Tisa seamount (one dredge; ALIA113) have samples of the deep submarine portions of the western Samoan region, and several of the dredges are distal to the Upo volcanic lineament. Thus, the vast submarine region in western Samoa, which spans around 200 km (from Savai'i to Tisa), is represented by only five submarine dredges, of which several were distal to Savai'i and Upolu, which do not clearly belong to the Upo-lineament (indeed, the distance between the northernmost and southernmost dredges in the western Samoa region is .130 km, which is more than twice the distance that separates the Vai and Malu volcanic lineaments). Our statistical approach requires that the Samoan data are grouped along geographic trends, and we test whether these geographically defined data groups converge on the high- 3 He/ 4 He component region in isotopic space. With such poor sampling along the submarine portion of the western Samoan islands, and the improbability that these dredges sample the same geographic lineament, it is not yet possible to evaluate geographic groups in the isotopic data sets in the submarine portion of the western Samoan region. Geographic separation of the isotopic components in Samoa. The geographicisotopic groups (the Vai, Malu and Upo volcanic lineaments and rejuvenated lavas) are resolved in multiple isotopic spaces (Fig. 2, Extended Data Figs 2 and 3) . Below,
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we describe the seamounts and islands that comprise the four geographic groups that are resolved in isotopic space:
( Nd, some of the Vailulu'u lavas trend slightly outside of the data group formed by other Vai-lineament volcanoes. These anomalous lavas trend in the direction of Malulineament lavas in isotopic space, indicating that Vailulu'u samples components similar to that found in the mantle sources of both the Vai and Malu volcanic lineaments, but that lavas from the Vai-lineament rarely sample the component hosted along the Malu volcanic lineament. Two Vailulu'u samples from the same dredge-AVON3-73-1 and AVON-3-73-12-plot squarely in the field defined by Malulineament lavas, and show that, like the Hawaiian Loa and Kea volcanic lineaments 4, 5 , the isotopic separation of the Malu and Vai volcanic lineaments is not perfect. Another lava from the Vai volcanic lineament, Ta'u sample T44, plots closer in isotopic space to lavas that comprise the Malu volcanic lineament. Ta'u sample T14, which exhibits highly unradiogenic Pb and anomalous Pb concentrations relative to other Ta'u lavas 17 , may be contaminated and is not shown here.
(2) The Malu volcanic lineament is geographically displaced to the south of the Vai volcanic lineament and is comprised of the Malumalu, Malutut and Tulaga seamounts and the Masefau shield lavas of northeast Tutuila. We find that three Malu-lineament lavas from dredges 108 (DR108) and 109 (DR109) from the ALIA cruise 18, 19, 38, 39 have Vai-lineament-like geochemistry, again showing that the geochemical distinction between the two parallel volcanic ridges is not perfectly resolved in isotopic space.
The Malu volcanic lineament joins seamlessly with the northeast region of the island of Tutuila. Tutuila lavas with geochemistry similar to Malu-lineament lavas, referred to as Masefau shield lavas 14 , outcrop only along the north coast of the northeastern region of the island along the Afono, Maefau and Sailele bays (J. Natland, personal communication, 2013). Masefau lavas have not been encountered anywhere else on Tutuila, with the possible exception of sample 91-TP-252, which was collected on the southern coast of the northeast portion of the island (however, this sample is a cobble, so its true provenance is unknown). Less geochemically enriched Tutuila lavas, referred to as Pago shield lavas 14, 40 , outcrop on the rest of the island. Using radiometric age data from ref. 41 , lavas identified geochemically as Pago shield lavas in the western region of the island are generally younger than lavas identified as Masefau shield lavas on the eastern side of the island (see ref. 41 and references therein). Indeed, the Masefau shield sequences are cross-cut by dikes with Pago shield geochemical signatures 14 . Work pairing geochemistry with age data is relatively scarce in Samoa, and further work is needed to evaluate the temporal relationship between the Masefau and Pago shield series. However, from existing data, we argue that Tutuila is divided between two volcanic series, and that the younger Pago shield series overlies much of the older Masefau series, much like the Hawaiian Mauna Loa series overlies the Mauna Kea series in the HSDP2 drill core 42 (we note that these two volcanoes, Mauna Kea and Mauna Loa, sample the separate volcanic lineaments along the Hawaiian hotspot, just as the Pago and Masefau shield sample two separate volcanic lineaments in Samoa). We further argue that the two volcanic series on Tutuila anchor the Upo and Malu volcanic lineaments, both geochemically and geographically. The Malu volcanic lineament joins with the northeastern region of Tutuila where the isotopically related Masefau lavas are encountered, and we argue that Tutuila Masefau lavas anchor the westernmost portion of the Malu lineament (and the Tutuila Pago lavas anchor the easternmost limb of the Upo volcanic lineament; see below).
(3) In the Upo lineament, Pago shield lavas from Tutuila are isotopically similar to subaerial Upolu shield lavas (subaerial Upo-lineament lavas from Upolu have previously been referred to as Fagaloa shield lavas) 40, 43 , and they outcrop on the western and southern portions of Tutuila (and as dikes cross-cutting the Masefau shield lavas in northeast Tutuila). We argue that the Pago shield lavas mark the easternmost extent of the Upo volcanic lineament, while Tutuila Masefau lavas define the westernmost extent of the Malu volcanic lineament. Thus, Tutuila Island acts as a nexus between the Upo lineament (Pago shield series on southern Tutuila) and the Malu lineament (Masefau shield series on northern Tutuila). In contrast to all other volcanic structures in Samoa, which strike along a direction parallel to absolute plate motion (WNW to ESE), the island of Tutuila is oriented obliquely to plate motion (WSW to ENE) 41 . Thus, the Malu lineament 'steps off' to the northeast, away from the Upo lineament, and Tutuila effectively bridges these two volcanic lineaments.
Shield lavas from Upolu have similar isotopic compositions to Pago shield lavas on Tutuila (Fig. 2, Extended Data Fig. 3) , and the Upo volcanic lineament is comprised of lavas from at least two islands. Fagaloa series lavas that define the subaerial Upo lineament also may exist on Savai'i, but if they do, they have been completely covered with young rejuvenated lavas 28 . The volcanic stage suggested for two subaerial Upolu lavas may require new designations, based on their geochemical characteristics. Upolu samples U30L and U10S (see ref. 17) were tentatively classified in the field as rejuvenated-stage lavas on the basis of a geological map from ref. 43 . Later isotopic analyses 17 showed that these two samples plot in the field of shield lavas (M. Regelous, personal communication, 2013), and we argue that these two samples belong to the shield stage. We note that Pb-isotopic data reported on Tutuila lavas from the Pago shield (and Upolu lavas) by ref. 44 are severely contaminated and are excluded from the present study 45 . (4) Rejuvenated lavas from the Samoan islands of Savai'i, Upolu and Tutuila have variable extents of rejuvenated lava cover, from only minor rejuvenated volcanism cover on Tutuila to near-complete cover of the shield stage by rejuvenated lavas on Savai'i 21 . In radiogenic isotopic spaces, the rejuvenated lavas form a separate field that is resolved from shield-stage lavas, and the rejuvenated lavas from each island are isotopically similar (Fig. 2, Extended Data Fig. 3 ). The origin of Samoan rejuvenated lavas-which are volumetrically extensive-is not well understood, but is thought to relate at least partially to tectonically enhanced melting caused by tectonic stresses in the region generated by the nearby Tonga trench 17, 21, 28, 29, 40, 46 . Geochemical identity of the five mantle components in the Samoan plume. . Samples collected on land were taken from the five Samoan islands (and are labelled with yellow stars: Savai'i subaerial, Upolu subaerial, Tutuila subaerial, Ta'u subaerial and Ofu subaerial). Malumalu and Vailulu'u seamount ages are based on uranium-series disequilibrium, and therefore maximum ages are provided 65, 66 . Upolu subaerial lavas include both rejuvenated series (which bracket the younger limit of ages) and the shield series (which bracket the older limit of ages); poor outcrop exposure on the highly vegetated Samoan islands can make designation of the volcanic stages difficult (particularly if geochemical data are not available for the hand sample), and an average age for the rejuvenated or shield stages on Upolu is therefore not provided. Rejuvenated lavas are present on Tutuila, but ages are not available in the literature. All reported subaerial lavas from Savai'i are rejuvenated, indicating that the island has been covered with a veneer of rejuvenated volcanism 21, 28 . Rejuvenated volcanism has been observed during historical times on Savai'i, which was last active from [1905] [1906] [1907] [1908] [1909] [1910] [1911] He .20 Ra. In threedimensional Pb-isotopic space, the 99% confidence intervals around each of the best-fit trend lines overlap with the ellipsoid that encompasses the common component region. Each tube represents an estimate of the error around the best-fit trend to the data defining each geographic lineament. The tube therefore encloses the set of all possible mixing arrays associated with a given geographic lineament. Since all the tubes intersect the ellipsoid of the common component region, statistically a range of mixing arrays exists for each geographic lineament that passes through the common component region. This result is consistent with the compositional data of the four lineaments mixing with the high- 
